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Bound state and time evolution for single excitation in one dimensional XXZ spin chain within non-
Markovian reservoir are studied exactly. As for bound state, a common feature is the localization of single
excitation, which means the spontaneous emission of excitation into reservoir is prohibited. Exceptionally the
pseudo-bound state can always be found, for which the single excitation has a finite probability emitted into
reservoir. We argue that under limit N → ∞ the pseudo-bound bound state characterizes an equilibrium be-
tween the localization in spin chain and spontaneous emission into reservoir. In addition, a critical energy scale
for bound states is also identified, below which only one bound state exists and it also is pseudo-bound state.
The effect of quasirandom disorder is also discussed. It is found in this case that the single excitation is more
inclined to locate at some spin sites. Thus a many-body-localization like behavior can be found. In order to
display the effect of bound state and disorder on the preservation of quantum information, the time evolution of
single excitation in spin chain studied exactly by numerically solving the evolution equation. A striking obser-
vation is that the excitation can be stayed at its initial location with a probability more than 0.9 when the bound
state and disorder coexist. However if any one of the two issues is absent, the information of initial state can be
erased completely or becomes mixed. Our finding shows that the combination of bound state and disorder can
provide an ideal mechanism for quantum memory.
I. INTRODUCTION
Bound state in open systmes was first defined and studied
in photonic material, in which the level of the embedded atom
as an impurity, was dressed by radiation field [1]. Physically
the energy of atom-photon bound state lies in the photonic
band gap, and thus the excited photon is exponentially local-
ized in the vicinity of atom. The existence of atom-photon
bound state is an universal feature of photonic material, inde-
pendent of the fine structure of atom. Recently this issue is
reconsidered on the ground point of open system. In this case
the bound state can still be defined when the spectral density
vanishing [2, 3] or a finite band occurring [4, 5]. Similar to
the case in photonic materials, the bound state is responsible
to the vanishing spontaneous emission, and thus can be used
to protect the system against decoherence. Experimentally the
bound state has been verified in photonic crystals [6], in which
both inhibited and enhanced decay rates can be controlled by
the crystals lattice parameter.
Recently the bound state in open two-qubit systems has
received extensive interest, focusing on the preservation of
quantum information [3, 5]. It is known now that the existence
of bound state can be used to protect entanglement against de-
coherence. Furthermore in topological two-band systems, the
bound state can also be found when the system is coupled with
environment, which is responsible to the robustness of Hall
conductance [7]. In addition the bound state for cold atoms in
optical lattice has been studied [8], which provides an alterna-
tive way to controlling the atomic state. A generalization of
bound state into multiple levels is also discussed in Ref. [9]
However a general understanding of bound state in open
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systems seems absent since the previous works focused
mainly on small systems. Consequently it is an interesting
issue whether there exists bound state in many-body case, and
what the difference is. For this purpose the bound state in one-
dimensional XXZ spin chain within non-Markovian environ-
ment is discussed in this article. For exactness, only single
excitation in spin chain is discussed. Although of simplic-
ity, single-excitation in spin chain has extensive application
in quantum information transfer [10]. Moreover it is shown
recently that universal quantum computation can be realized
in sing-excitation subspace [11]. Recently a mechanism for
quantum spin lenses has been proposed, in which the spin ex-
citation can be focused on a definite site in one-dimensional
chain for storage of quantum information [12]. With respect
of these applications our consideration has extensive interest.
Our study shows that N bound states at most can be con-
structed , in which N is the spin number in one-dimensional
XXZ spin chain. Except of a special case, the bound state
generally displays the localization of single excitation in spin
chain, which inhibits the spontaneous emission of spin exci-
tation into environment. However an exceptional case can be
identified, in which the excitation is inevitably absorbed with
a finite probability by environment. Furthermore it is found
for N → ∞ that the probability tends to be 0.5, which cor-
responds to an equilibrium between the system and environ-
ment. Thus we argue that this state is not a true bound state
and is named as pseudo-bound state in this article.
With respect of the recent interest in many-body localiza-
tion, the effect of disorder in XXZ model is also studied.
The appearance of disorder enhances greatly the ability of
bound state to protect excitation against spontaneous emis-
sion. This feature is attributed to strong localization in bound
state, for which the distribution of excitation in spin chain be-
comes more pronounced in some spin sites. We argue that this
phenomena is guaranteed by the combination of bound state
and disorder. Thus the environment induced many-body lo-
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2calization can be identified. This finding is counter-intuitional
since incorporation of environment induces effectively addi-
tional long-range hopping, which is believed to destroys lo-
calization [13]. Moreover it suggested that the bound state
in open many-body systems would be localized, and further-
more the localization can be strengthened by disorder in sys-
tem. Consequently the combination of bound state and disor-
der provided an ideal platform for preservation of information
in quantum systems.
The discussion is divided into five sections. In Sec.II the
model and definition of bound state are introduced. In Sec.
IIIA and IIIB, bound states is evaluated explicitly up to N =
12 without disorder. The effect of disorder is studied solely in
Sec. IIIC. Except of some special cases, the exact calculation
becomes unstable for larger N . Although of this deficiency,
some universal features in bound state can be found. In or-
der to highlight the crucial role of disorder and bound state in
preserving quantum information, the time evolution of single
excitation in spin chain is discussed in Sec.IV. Finally conclu-
sion and furtherm discussion are presented in Sec. V.
II. MODEL
Consider the one-dimensional XXZ model coupled to zero
temperature reservoir, of which the Hamiltonian is
H =
J
2
∑
i=1
(
S+i S
−
i+1 + S
−
i S
+
i+1
)
+
N∑
i=1
hiS
z
i + U
∑
i=1
Szi S
z
i+1
+
∑
k
ωka
†
kak +
∑
k,i
(
gkakS
+
i + g
∗
ka
†
kS
−
i
)
, (1)
with ~ ≡ 1 and the spin number N . S±i and a(†)k are the cre-
ation/annihilation operators for spin 1/2 and the k-th model
with frequency ωk in the reservoir. J is the tunnelling strength
between nearest-neighbor sites. U characterizes the Ising in-
teraction. The on-site field hi can be homogeneous or ran-
domly distributed, which has distinct effect on bound state as
shown in the following discussion. Periodic and open bound-
ary condition in spin chain are considered respectively. It
should be noted that since the existence of Ising interaction the
complete spectrum of one-dimensional XXZ model cannot be
determined analytically, and one has to rely on the numerical
method.
The bound state in open systems is defined as the energy
eigenstate of the total Hamiltonian, which satisfies the equa-
tion,
H|ψE〉 = E|ψE〉. (2)
Generally the bound state characterizes a bipartite entangle-
ment between system and its environment. Thus when the
measure of entanglement is vanishing, the system is decou-
pled from environment since the bound state is completely
separable in this case. In this sense, decoherence free sub-
space is a special case of the bound state [14]. In the general
case that entanglement of bound state is finite, the coherence
in system could be protected partially against decoherence.
With respect for the exactness, only single-excitation situ-
ation is considered for determination of |ψE〉 in this article.
For more excitation Eq. (2) becomes very complex and an
exact evaluation is impossible [9]. Thus |ψE〉 can be written
generally as
|ψE〉 =
(
N∑
i=1
αi| ↑〉i| ↓〉⊗(N−1)
)
⊗ |0〉⊗M +
| ↓〉⊗N ⊗
(
M∑
k=1
βk|1〉k|0〉⊗(M−1)
)
, (3)
in which | ↑ (↓)〉i is the eigenstate of Szi with the eigenvalue
±1/2, |0〉k is the vacuum state of ak and |1〉k = a†k|0〉k, M
the number of mode in reservoir. Then substituting the ex-
pression of |ψE〉 into Eq. (2), one obtains
J
2
(αi+1 + αi−1) + (hi − U)αi +
Nk∑
k=1
gkβk = Eαi (4a)
ωkβk + g
∗
k
N∑
i=1
αi = Eβk (4b)
in which the resulted constants has been incorporated into E.
By Eq. (4b),
βk =
g∗k
E − ωk
N∑
i=1
αi. (5)
Substitute the relation above into Eq.(4a), one obtains
J
2
(αi+1 + αi−1) + (hi − U)αi +
(
Nk∑
k=1
|gk|2
E − ωk
)
N∑
i=1
αi = Eαi.
With respect of continuum spectrum in reservoir,
Nk∑
k=1
|gk|2
E − ωk =
∫ ∞
0
J(ω)
E − ω dω, (6)
in which the spectral density J(ω) =
∑Nk
k=1 |gk|2 δ (ω − ωk).
Then
J
2 (αi+1 + αi−1) + (hi − U)αi +
N∑
i=1
αi
∫ ∞
0
dω J(ω)E−ω = Eαi(7)
It is obvious that the integral in Eq. (6) is divergent when
E > 0. Thus bound state can exist only when E < 0 (For
complex E, the imaginary of E means dissipation and thus
bound state cannot exist in this case ). For concreteness the
following spectrum function of environment is considered in
this article
J(ω) = ηω
(
ω
ωc
)s−1
e−ω/ωc , (8)
in which η characterizes coupling strength between the system
and environment, and ωc is the cutoff of the environment spec-
trum. The environment can be classified by s as sub-Ohmic
3(s < 1), Ohmic (s = 1) and super-Ohmic (s > 1), which
characterizes different relaxation [15]. It has known that a
critical coupling constant ηc(s) can be defined for single spin
(N = 1) by setting E = 0 in Eq. (7) [5]. Thus bound state
can appear only when η > ηc. In this meaning two distinct
phases can be defined in open system, dissipative phase and
non-dissipative phase, which can be transformed each other
by a non-equilibrium phase transition [5]. However the sit-
uation becomes different when N ≥ 2. Obviously now ηc is
dependent on the coefficient αi as shown in Eq.(7), which sug-
gested that there would exist more than one ηc. Actually one
can find N solutions at most by solving Eq. (7) with properly
chosen parameters, as shown in the following. However not
all solution correspond genuine bound states. We first point
out in this article that there always exists a pseud-bound-state,
which satisfies Eq. (7) but display a relatively high probability
for single excitation spin being absorbed by environment.
III. BOUND STATE
The sufficient and necessary condition for nontrivial solu-
tion to αi in linear system of equation Eq. (7) is that the deter-
minant of coefficient matrix is zero. Thus one can obtains an
equation for variable E with the maximal power of N . Gen-
erally it is difficult for E to find an analytical expression, and
thus one has to rely on the numerical method. However be-
cause of the limit of computer performance, our numerical
evaluation of bound state is restricted to N ≤ 12 ( the numer-
ical evaluation become unstable for larger N ).
The crucial feature of bound state is the vanishing sponta-
neous emission of excitation. In order to display this point,
two distributions, defined as
ci = |αi|2 ;
d =
∑
k
|βk|2 =
∣∣∣∣∣
N∑
i=1
αi
∣∣∣∣∣
2 ∫ ∞
0
J(ω)
(E − ω)2 dω, (9)
are calculated exactly, in which ci characterizes the proba-
bility of excitation located at the i-th spin site, and d is the
probability of excitation absorbed by reservoir. In addition
d+
∑N
i=1 ci = 1 is imposed. For brevity, the following discus-
sion focuses only on the case of Ohmic environment (s = 1).
As for sub- and super-Ohmic cases, our evaluations shows no
essential difference from s = 1.
A. Periodic boundary condition
With respect of periodic boundary condition in spin chain,
Si+N = Si and hi = h0 are imposed. By proper choice of
h0 − U , one can find N solution of E at most for definite
N . In Fig. 1, ci and d are plotted for different N when s =
1 respectively. A common feature is the periodic variation
of ci by spin site when N ≥ 4, which can be attributed to
the spin-site translational invariance in Eq.(1). Furthermore
it is not difficult to note the periodicity in ci is decided by
decomposition N = m× n(m,n > 0).
N
s = 1
E d
14 -2.01932 0.289168
15 -2.12051 0.293435
16 -2.21916 0.297389
17 -2.31547 0.301069
18 -2.40961 0.304187
19 -2.50172 0.30773
20 -2.59159 0.310762
21 -2.68041 0.313621
22 -2.7672 0.316325
Table I: The bound state with energyE < −2 and the corresponding
d in periodic boundary condition. The other parameters are same as
those in Fig.1.
N
s = 1
E d
100 -7.33804 0.391086
200 -11.0897 0.416524
400 -16.4958 0.436926
800 -24.2306 0.45294
1600 -35.2459 0.46527
3200 -50.9722 0.474613
Table II: The lowest bound-state energy E and the corresponding d
for larger N in periodic boundary condition. The other parameters
are same to those in Fig.1.
An interesting observation is the double degeneracy in
bound energy level En(n ≥ 2) when N ≥ 3. In addition
an even-odd effect can be found; WhenN is even, there exists
two non-degenerate levels, the ground state E0 and some ex-
cited state. And the other levels are double degenerate. How-
ever when N is odd, there is only one non-degenerate level,
the others being double degenerate.
Another crucial observation is that there always exist an
unique energy level with nonvanishing d, which means that
the excitation in spin systems would be emitted into reservoir
with a finite probability. While the other bound states d = 0
exactly. For instance as shown in Figs. 1, the level E2 for
N = 3 , E3 for N = 4, 6, 8, 10, 12 and E4 for N = 9 have
d > 0.1. Consequently the appearance of the state would
erase the information of initial state during time evolution.
Hence even though satisfying Eq. (7), we argue that it is not a
true bound state since the excitation cannot be localized com-
pletely in spin chain. Thus it is named as pseud-bound state
in this article.
In addition the pseud-bound state displays three critical fea-
tures. First the pseud-bound state always is non-degeneracy.
Second our exact calculation displays that the pseud-bound
state actually is a N -qubit W state. Thirdly up to exact cal-
culation up to N = 22, we find that there is only one bound
state when U + E < −1 or E < 2 correspondingly with the
chosen parameters in Fig.1. Furthermore it also is a pseud-
bound state, as shown in Table I. These facts mean that the
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Figure 1: (Color online) A plot of eigenenergy E and density plots of normalized distribution ci and d in bound states for N = 2 to N = 12
with periodic boundary condition. h0 − U = −1, s = 1, η = 0.1, ωc = 3 in unit of J have been chosen for this plot. The eigenenergy
En(n = 0, 1, 2, · · · ) is arranged by increased order.
ground state for N → ∞ would be non-degenerate and a
pseud-bound state.
Furthermore d in pseud-bound state increases with spin
number N , shown in Table I. Thus it is interesting to find the
nontrivial upper bound for d. With respect that the pseud-
bound state is a N -qubit W state, it is found that d → 0.5
when N → ∞, as shown in Table.II (With respect of αi =
1/
√
N , Eq. (7) is simplified greatly in this case. Thus the
energy level can be determined exactly for arbitrary N ). It
means that the relaxation and localization of spin excitation
become balanced in this case, and thus pseud-bound state is
actually an equilibrium state. Moreover our exact calculation
shows that the ground state is the unique pseud-bound state
for larger N . The appearance of pseud-bound state in excited
level for small N shown in Figs. 1, can be attributed to the
finite number effect.
In conclusion two distinct states can be found in this case:
bound state and pseud-bound state. A critical case can be
identified as U + E = −1, which separate the true bound
state from pseud-bound state. When U + E < −1, there is
only one bound state, which also is pseud-bound state. For
U + E > −1, all energy levels are true bound states with
d = 0 exactly under N → ∞. Interestingly we find that the
bound state, if existing at the critical energy U + E = −1 or
E = −2, also non-degenerate, and is a W-state like state
1√
N
N∑
i=1
(−1)i | 0 · · · 0︸ ︷︷ ︸
i−1
1 0 · · · 0︸ ︷︷ ︸
N−1
〉. (10)
Thus it is a true bound state for even N since d = 0 exactly.
B. Open boundary condition
For open boundary condition, translational invariance in
spin chain is broken. In Figs.2, the energy level and the den-
sity plotting for ci and d with different N are presented. A
direct feature is broken of degeneracy in bound state, which
means that the double degeneracy is protected by translational
invariance in spin chain. Although the periodicity in ci dis-
appears, a symmetry to the center of spin site is developed
instead, as shown in Fig.2.
In contrast to periodic boundary, the difference between
pseud-bound state and true bound state become ambiguous
since d could be very small but not vanishing exactly. How-
ever the critical energy U+En = −1 orEn = −2 can still be
identified, below which there is only one bound state, which
is also pseud-bound state. In Table. III the ground-state en-
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Figure 2: (Color online) Plots for energy level E, ci and d when s = 1 for open boundary condition. The other parameters are same to those
in Fig.1.
N
s = 1
E d
13 -2.01274 0.209038
14 -2.09872 0.265101
15 -2.19033 0.277008
16 -2.28187 0.284867
17 -2.37255 0.290923
18 -2.46206 0.295991
19 -2.55026 0.300411
20 -2.63714 0.304362
21 -2.72269 0.30795
22 -2.80692 0.311247
Table III: The bound state with energy E < −2 and the correspond-
ing d in open boundary condition. The other parameters are same to
that in Fig.2 in order to find d.
ergy level with E < −2 is listed up to N = 22, in which d
increases with the spin number N . Moreover the exact eval-
uation show that the distribution ci tends to be homogenous
as for all spin sites with increment of N , shown in Fig. 3. It
implied that the ground state would also an equilibrium state
when N →∞.
1 4 1 6 1 8 2 0 2 21 E - 4
1 E - 3
0 . 0 1
N
o p e n  b o u n d a r y  c o n d i t i o n
 
 
Figure 3: The isotropy of ci, measured by∑N
i=1
(
|αi| − 1/
√
N
)2
/N . The parameters are chosen same
as that in Fig.1.
C. Effect of Disorder in XXZ model
It is an interesting issue whether the disorder in spin system
would has effect on bound state. This consideration comes
from the recent interest in many-body localization (MBL)
[16], which characterizes a nonthermalized behavior in the
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Figure 4: (Color online) The density plots of normalized distribution ci and d of bound-state energy levels for N = 12 with open boundary
condition when s = 1. For ∆ = 1 to 8, U = 1, 1.5, 2.5, 3.2, 4.2, 5.2, 6.2, 7.2, 8.2 are chosen respectively in order to find all bound states.
The other parameters are η = 0.1, ωc = 3 in unit of J .
statistical mechanics of isolated quantum systems. A gen-
eral feature for MBL is the disorder-induced non-equilibrium
properties, such as localization of electronic wave function
[17] or the deviation of statistical properties from the expec-
tation of thermodynamical equilibrium[19]. As shown in the
previous discussion, true bound state displays an obvious non-
equilibrium since spontaneous emission of spin excitation into
reservoir is inhibited and excitation is localized in spin chain.
From this point the spin system cannot be thermalized by its
reservoir when bound state occurring. Consequently it is an
interesting issue whether the disorder in spin chain could en-
hance the localization of excitation.
With respect of recent experiments on MBL [20, 21], a
quasirandom disorder is introduced in spin chain with open
boundary,
hi = ∆ cos (2piβi+ φ) , (11)
in which β = 532738 ≈ 0.721, φ = 1/0.6188333 and ∆ char-
acterize the strength of disorder. Although hi does not denote
a genuine disorder, the intrinsic effect of disorder can be sim-
7ulated and demonstrated in this system [20, 21]. ci and d of
bound states for N = 12 are plotted in Fig. 4. It is obvious
that ci becomes so pronounced at some spin sites with the in-
crement of disorder, which means that the spin excitation can-
not be transported freely in spin chain. Furthermore since the
system is open, localization of excitation in this case is stable
against decoherence. This picture is very different from the
intuition that the reservoir would always destroy localization,
as shown for MBL in [21–23]. We argue that the existence of
bound state is responsible for the stability of localization.
As for d, the disorder shows finite effect. For instance when
N = 12, d displays obvious variance with ∆ as shown for
bound states E8 and E10 in Fig. 4. So in this case the bound-
ary between true and pseudo bound state is still ambiguous.
Finally we stress that our exact examination shows similar be-
haviors for N < 12, which does not present here for brevity.
Importantly one should note that under single excitation
case, Eq. (7) actually characterizes a free particle system
within reservoir since the interaction U only contributes to
the diagonal elements. Thus it suggested that Anderson local-
ization (AL) would happen in this situation [17]. An essential
difference between AL and MBL is that the localization of
wavefunction around some lattice site can be observed in AL,
as shown in experiments with ultracold atoms [18]. Whereas
as shown in Fig.4 ci can be dominated at more than one spin
site in this case, and thus the spin chain would be more entan-
gled. Then a MBL-like picture is observed although there is
no effective interparticle coupling.
IV. TIME EVOLUTION
Localized system is of interest as possible quantum mem-
ory since some local details of the system’s initial state can be
preserved. Thus it is very interesting how the system evolves
in time when bound state and disorder occur. By Schro¨dinger
equation, one can obtain
i
∂
∂t
αi(t) =
J
2
[αi+1(t) + αi−1(t)] + (hi − U)αi(t)
−i
∑
i
∫ t
0
dαi(τ)f(t− τ), (12)
in which f(t− τ) = η
ωs−1c
Γ(s+1)
[i(t−τ)+1/ωc]s+1 and i is imaginary
unit. The effect of reservoir comes from the last term, which
also characterizes the Non-Markovian memory structure. The
following discussion is divided into two part by ∆ 6= 0 or
∆ = 0 since the XXZ model would have distinct feature in
the two cases.
In general the behavior of |ψ(t)〉 of spin chain can be un-
derstood by the following expressing
|ψ(t)〉 =
∑
Eb
αb|ψb〉e−iEbt +
∫
dEα(E)e−iEt|ψE〉, (13)
in which the first term denotes the contribution from bound
energy level Eb, while the integral is the contribution from
the continuum spectrum withE > 0. Thus for time evolution,
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Figure 5: (Color online) A plot for evolution of ci with rescaled time
Jt when N = 12 and s = 1. This initial state is chosen as the
single excitation located on spin site i = 1. When all bound states
occurring, shown by the left column, U = 1.5 for ∆ = 1, U = 2.5
for ∆ = 2, U = 4.2 for ∆ = 4 and U = 6.2 for ∆ = 6 are chosen;
As for the absence of bound state, shown by the right column, U =
−7 is chosen same for different ∆. η = 0.1, ωc = 3 are chosen for
this plot.
|ψ(t)〉 would become oscillating when bound state happens.
In contrast a complete dissipation is expected when there is
no bound states. However when disorder appearing, the pic-
ture would be deviated from this expectation as shown in the
following discussion.
A. ∆ 6= 0
By exact numerical evaluation of Eq.(12), the evolution of
ci for N = 12 are shown in Fig.5 and 6 for different ∆ when
all bound states appearing or not completely, in which the spin
excitation is located initially at i = 1 or i = 11 respectively.
For clarity and brevity, the case of s = 1 is discussed only.
Two different pictures can be found.
First when the spin excitation is located initially at i = 1,
a stable oscillation between c1 and c8 is developed with the
increment of ∆ when bound states appearing. This feature
can be understood by noting that c1 and c8 are always pro-
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Figure 6: (Color online) A plot for evolution of ci with rescaled time
Jt when N = 12 and s = 1. Except that the excitation is initially
located at i = 11, the parameters are same to that in Fig. 5. c11 is
highlighted in this plot.
nounced simultaneously as shown for bound states E10 and
E11 in Fig.4. By Eq. (13), the information of initial state
can be transferred coherently between the bound states dur-
ing time evolution. However when there is no bound state,
c1 and c8 become stable simultaneously at the value closed to
0.5. Since the absence of bound state, the feature could be
attributed to the effect of disorder.
Recently the open quantum dynamics in localized systems
is studied extensively, for which two nonergodic features can
be found. In Refs.[22]a localized steady state is disclosed in
open Anderson-localized system, achieved by a proper dissi-
pation. This finding means that the environment could play
a constructive role in localization. Whereas in Refs.[23], a
stretched exponential decay is discovered in open MBL sys-
tems with a general consideration of environment, for which
the nonergodic character of system persists for a long time.
The underlying mechanism for the exotic dynamics can be at-
tributed to the existence of integrals of motion in localized
systems[25], which prevents not only complete thermaliza-
tion of any given subsystem, but also transport over macro-
scopic scales. Thus a typical localization length can be de-
fined, which means that the system can be considered as lo-
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Figure 7: (Color online) A plot for evolution of ci with rescaled time
Jt and the spin excitation initially located at i = 1 for different N .
For this plot,∆ = 6 is chosen and the other parameters are same to
that in Fig. 5.
calized when the system scale is much lager than localization
length. Consequently as for the present discussion, the inte-
grals of motion has also important effect on evolution of ci.
This point can be illustrated by Fig.7. First consider the case
when there is no bound state. It is obvious that c1 decays
rapidly if N ≤ 6. while a stable behavior for c1 and c8 can
be observed if N ≥ 8, as shown by the bottom-right panel
in Fig. 5 and 7. This feature can be understood by the point
that when the localization length is larger than the length of
spin chain, the system is inevitably decaying. While with in-
crement of N , the length of spin chain becomes comparable
to localization length. So in this case the system displays the
stability against dissipation. Second the effect of integrals of
motion can still be in function when bound states occurring, as
shown by the left column in Fig.7. It is obvious that c1 tends
to bo steady at value ∼ 0.9 when N ≤ 6. In contrast a sta-
9ble oscillation between c1 and c8 is developed when N = 8.
This feature can be understood by that fact that a correlation
between distant spin sites can be constructed when the length
of spin chain is larger than localization length. Similar phe-
nomenon can be found for N = 12, as shown in Fig.5.
Second when the spin excitation is located initially at i =
11, only c11 becomes dominant when bound state and disor-
der occur together. As shown by left column in Fig.6, c11
settles rapidly on a value closed to 0.9 with the increment of
∆ when bound state appearing, while the other ci tend to van-
ish instead. This picture can be understood by noting that c11
in bound energy level E6 becomes more pronounced with in-
crement of ∆, as shown in Fig.6. Thus by Eq.(13) this level
have dominant contribution to the first term. And then the
overlap between this bound state and initial state is large in
this case, while the other ci tends to be vanishing. In contrast
when there is no bound state, all cis tend to be vanishing si-
multaneously with Jt since the first term in Eq.(13) does not
occur and the dissipative term becomes dominant, as shown
by right column in Fig.6. However c1 decays much slowly
with the increment of ∆, which means that disorder alone has
finite ability to preservation of quantum information. This ob-
servation means that the disorder itself is not enough for the
preservation of quantum information in open system.
In conclusion the two pictures disclose the fact that the sys-
tem is localized, does not mean that the time evolution for ar-
bitrary initial state can display nonergodic feature. As shown
in this subsection, the nonergodic behavior happens only for
some special initial state. This feature can be understood by
the fact that the integrals of motion just determine a finite en-
ergy manifold in Hilbert space: only the state in this mani-
fold can behave nonergodically, while the state outside is in-
evitably thermalized. As for present discussion, the long time
behavior of |ψ(t)〉 is dependent completely on the location of
single excitation at initial time: when the initial location of
excitation corresponds to some bound state, in which only ci
in this location is pronounced with increment of ∆, the infor-
mation of initial state can be preserved with very high proba-
bility when bound states occurring. In contrast it would dis-
appear completely in final when there no bound state. More-
over when there exist another spin site j, on which cj is pro-
nounced simultaneously, the information of initial state can be
preserved coherently between ci and cj when bound states oc-
curring, while it becomes mixed when there is no bound state.
Consequently it seems that the information of integrals of mo-
tion could be extracted from the bound state with disorder.
B. ∆ = 0
It becomes different when there is no disorder (∆ = 0).
First consider the case of bound state happening, For instance
when N = 2, an oscillation happens between c1 and c2, as
shown in Fig. 8. However with the increment of N , the be-
havior of c1 tends to be similar to the other ci. This picture
can be understood by Fig. 2, in which the distribution ci and
d are plotted. When N = 2, there are only two bound states
E0 and E1, in which we find c1 = c2. Thus the oscillation
0 20 40 60
0
0.5
1
c
With bound states
N2
c1
c2
0 20 40 60
0
0.5
1
Without bound states
N2
0 20 40 60
0
0.5
1
c
N4
0 20 40 60
0
0.5
1 N4
0 20 40 60
0
0.5
1
c
N6
0 20 40 60
0
0.5
1 N6
0 20 40 60
0
0.5
1
c
N9
0 20 40 60
0
0.5
1 N9
0 20 40 60
0
0.5
1
Jt
c
N12
0 20 40 60
0
0.5
1
Jt
N12
Figure 8: (Color online) A plot for evolution of ci with rescaled time
Jt when ∆ = 0 and s = 1. This initial state is chosen as the single
excitation placed at spin site i = 1. When all bound states occurring,
U = 1 ; when there is no bound, u = −1 for N = 2, u = −1.5 for
N = 4,u = −2.5 for N = 6,u = −4 for N = 9 and u = −5.5 for
N = 12. η = 0.1, ωc = 3 are chosen for this plot.
is attributed to the coherent superposition of E0 and E1, as
shown in Eq. (13). With the increment of N , the difference
of ci in bound states tends to be decreased. Thus all bound
states tend to have equal contribution to evolution of |ψ(t)〉
by Eq.(13). Consequently the information of initial state is
diluted with time evolution. Thus it could be expected that
under N → ∞ the spin system would become equilibrated
eventually. In fact this feature is a manifestation of eigenstate
thermalization hypothesis, which state that all initial states in
many-body system would become equilibrium at large time
evolution [24].
Second when there is no bound state, distinct behavior for
evolution of ci can be found. When N = 2 shown by the
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top right panel in Fig. 8, c1 and c2 evolve simultaneously
to a steady value closed to 0.5. However when N is large,
evolution of ci does not show intrinsic difference from that
bound state appears. In addition our evaluation shows that
this feature is insensitive to the initial state and can also exist
for periodic boundary condition.
Phenomenally we attribute this phenomenon to the fact
that one dimensional XXZ spin chain actually is integrable
[26, 27]. It means that there exist a number of extensive op-
erators, which is sums of local operators, commuted with the
Hamiltonian and with each other. Actually extensive opera-
tor correspond to the conserved quantity or symmetry in sys-
tem. Thus the time evolution of system is confined to a highly
restricted energy manifold [26, 27], which is the underlying
mechanism of resistance to thermalization in integrable sys-
tem. Consequently the energy manifold can cover all possible
steady state, thus all bound states which is the steady state
since it is the eigenstate of the system and environment. This
is the reason why the time evolution of system show negli-
gible difference when bound state occurring or not for large
N .
V. DISCUSSION AND CONCLUSION
In conclusion the bound state and time evolution for single-
excitation in one dimensional XXZ spin chain within reser-
voir are studied exactly in this article. As for bound state, four
crucial observations are found. First the true bound state is
actually a excitation-localized state, for which the single exci-
tation is preserved in spin system and the spontaneous emis-
sion into reservoir is prohibited exactly. Second we point out
firstly the existence of pseudo-bound state, which defined as
the state satisfying bound-state equation Eq. (7) but having
a finite probability of spontaneous emission for single exci-
tation. Thus in this case the excitation in spin chain would
be relaxed probably into reservoir. In addition when periodic
boundary condition is imposed in spin chain, pseudo-bound
state is unique and exact. The spin chain corresponds to a N -
qubit W state in this case, that is αi = 1/
√
N in Eq. (3).
Moreover for large N pseudo-bound state corresponds to the
minimal energy level and d tends to 0.5, as shown in Table
II. As for open boundary in spin chain, the boundary between
true and pseudo bound becomes ambiguous. Thirdly a criti-
cal energy U + E = −1 can be identified, below which there
is only one bound state. For periodic boundary, the bound
state is pseudo-bound state exactly. As for open boundary, we
find that the values all ci in bound state tend to be isotropic
as shown in Fig.3, and the value of d is increased with the
increment of spin number N , shown in Table III. Fourthly
when the quasirandom disorder Eq.(11) occurs, ci in bound
state becomes more pronounce at some spin sites. Thus an en-
vironment induced many-body localization-like behavior can
be observed. This feature implies that single excitation can
be localized in some spin sites even though the existence of
environment. Thus the spin chain in this case can be used as
quantum memory.
In order to display the potential application in quantum
memory, time evolution of single excitation is evaluated ex-
actly by numerics. A crucial observation is that the infor-
mation of initial state can be faithfully preserved up to 90%
maximally only if the bound state and disorder occur together.
Moreover the long time behavior of spin chain is determined
completely by the structure of bound state. When there is on
bound state, the information of initial state can be erased com-
pletely or become mixed, dependent on the location of single
excitation at initial time. Thus the combination of bound state
and disorder provides a ideal mechanism for quantum mem-
ory.
Although our discussion focuses on single excitation and
the general and exact calculations is up to N = 12, some in-
teresting observation can be found. The main difficulty in the
generalization into multi-excitation and large particle number,
is to decide the bound state effectively in many-body systems
since the exact solution to Eq. (7) become difficult. It is left to
address this interesting issues in future works. More interest-
ingly with respect of recent MBL experiments in two dimen-
sional systems [28], it is more meaningful whether the similar
phenomena can occur since two dimensional system is more
closed to the realization in experiments.
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